Abstract-We investigated the relationship of aortic pulse wave velocity (aPWV), a measure of central arterial stiffness, with the presence and quantity of coronary artery calcium (CAC) in a community-based sample of adults without prior history of heart attack or stroke (nϭ401, mean age 59.8 years, 53% men). ECG-gated waveforms of the right carotid and right femoral artery were obtained by applanation tonometry, and aPWV was calculated using established methods. CAC was measured noninvasively by electron beam computed tomography, and CAC score was calculated. aPWV was significantly correlated with log(CACϩ1; rϭ0.41; PϽ0.0001) and pulse pressure (rϭ0.47; PϽ0.0001). Multivariable logistic and linear regression models were used to identify independent predictors of the presence and quantity of CAC, respectively. In multivariable logistic regression analyses, aPWV was associated with the presence of CAC (Pϭ0.011) after adjustment for age, male sex, total cholesterol, high-density lipoprotein cholesterol, diabetes, history of smoking, systolic blood pressure, body mass index, and use of hypertension and statin medications. In multivariable linear regression analyses, aPWV was significantly associated with log(CACϩ1) after adjustment for the covariates enumerated above (PϽ0.0001). aPWV remained significantly associated with both the presence and quantity of CAC even after the additional adjustment for diastolic blood pressure. We conclude that aPWV is related to subclinical coronary atherosclerosis independent of conventional risk factors (including indices of blood pressure) and may be a biomarker of cardiovascular risk in asymptomatic individuals. The resulting increase in velocity of the aortic pulse wave leads to an earlier reflection of the wave back toward the heart, which, in turn, augments systolic blood pressure (SBP), decreases diastolic blood pressure (DBP), and widens pulse pressure (PP). 3 PP, therefore, can be considered a measure of arterial stiffness and has been found to be predictive of several cardiovascular end points independent of conventional risk factors. 4 -7 We have previously found PP to be related to the quantity of coronary artery calcium (CAC), 8 a noninvasive surrogate of coronary atherosclerotic burden 9 that is strongly correlated with angiographic coronary artery disease and is predictive of future coronary heart disease (CHD) events. 10 However, PP is a crude, indirect measure of arterial stiffness that is influenced by additional factors, such as left ventricular stroke volume, heart rate, and myocardial contractility. 11, 12 A more direct measure of arterial stiffness, aortic pulse wave velocity (aPWV), has been shown to predict adverse cardiovascular events in hypertensive 13 and elderly 14 subjects. Recently, Sutton-Tyrrell et al 15 found aPWV to be associated with higher cardiovascular mortality and CHD events in older subjects (mean age, 73.7 years) from the community. The association of aPWV with subclinical coronary atherosclerosis in the general population is unknown. aPWV is a relatively simple, noninvasive test that could be a useful adjunct to conventional CHD risk factors in identifying patients and subgroups in the population that are at increased risk for cardiovascular events. The aim of the present study was to determine whether aPWV was associated with the presence and quantity of CAC after consideration of CHD risk factors including indices of blood pressure (BP) in community-based asymptomatic adults without a history of myocardial infarction or stroke.
A rterial stiffening occurs with aging and may be accelerated by other cardiovascular risk factors. 1, 2 The resulting increase in velocity of the aortic pulse wave leads to an earlier reflection of the wave back toward the heart, which, in turn, augments systolic blood pressure (SBP), decreases diastolic blood pressure (DBP), and widens pulse pressure (PP). 3 PP, therefore, can be considered a measure of arterial stiffness and has been found to be predictive of several cardiovascular end points independent of conventional risk factors. 4 -7 We have previously found PP to be related to the quantity of coronary artery calcium (CAC), 8 a noninvasive surrogate of coronary atherosclerotic burden 9 that is strongly correlated with angiographic coronary artery disease and is predictive of future coronary heart disease (CHD) events. 10 However, PP is a crude, indirect measure of arterial stiffness that is influenced by additional factors, such as left ventricular stroke volume, heart rate, and myocardial contractility. 11, 12 A more direct measure of arterial stiffness, aortic pulse wave velocity (aPWV), has been shown to predict adverse cardiovascular events in hypertensive 13 and elderly 14 subjects. Recently, Sutton-Tyrrell et al 15 found aPWV to be associated with higher cardiovascular mortality and CHD events in older subjects (mean age, 73.7 years) from the community. The association of aPWV with subclinical coronary atherosclerosis in the general population is unknown. aPWV is a relatively simple, noninvasive test that could be a useful adjunct to conventional CHD risk factors in identifying patients and subgroups in the population that are at increased risk for cardiovascular events. The aim of the present study was to determine whether aPWV was associated with the presence and quantity of CAC after consideration of CHD risk factors including indices of blood pressure (BP) in community-based asymptomatic adults without a history of myocardial infarction or stroke.
Methods

Study Population
The study group included participants in the Functional Arterial Changes in Atherogenesis Study that is examining the relationship of measures of arterial function to subclinical coronary atherosclerosis and cardiovascular risk factors in non-Hispanic white participants in the community-based Epidemiology of CAC (ECAC) study. The ECAC Study is an ongoing study of the pathogenesis of CAC in Rochester, Minn. 16 Participants are not physician-or self-referred and were recruited from the community-based Rochester Family Heart Study 17 independent of risk factor and disease status, except that they do not have a history of previous coronary artery bypass surgery or angioplasty. Between September 2002 and December 2004, 438 participants from the ECAC study had completed the Functional Arterial Changes in Atherogenesis Study protocol. Study protocols were approved by the Mayo Clinic Institutional Review Board, and participants gave written informed consent. We excluded from the present analysis 10 participants who reported a history of previous myocardial infarction or stroke and 27 participants with missing or technically inadequate aPWV measurements. The study group included 213 men and 188 women.
Weight was measured by an electronic balance, height was measured by a stadiometer, and body mass index was calculated in units of kg/m 2 . Resting BP levels were measured in the right arm with a random-zero sphygmomanometer (Hawksley and Sons). Three separate readings were taken Ն2 minutes apart, and the average of the second and third reading was taken. Blood samples were obtained by venipuncture after an overnight fast. Standard enzymatic methods were used to measure total cholesterol, highdensity lipoprotein (HDL) cholesterol, and plasma glucose.
Information about use of hypertension medications, "statins," oral hypoglycemic agents, and insulin was obtained at the time of the study. Diabetes was considered present if a subject was being treated with insulin or oral agents or had a fasting glucose level Ͼ125 mg/dL. History of smoking was defined as having smoked Ͼ100 cigarettes in the past. The diagnosis of hypertension was determined based on BP levels measured at the study visit (SBP Ն140 mm Hg or DBP Ն90 mm Hg) or report of a prior diagnosis of hypertension and current treatment with medications for hypertension.
Electron Beam Computed Tomography of the Heart
The quantity of CAC was measured with an Imatron C-150 electron beam computed tomography (EBCT) scanner (Imatron Inc) as described previously. 18 Calcification was defined as a hyperattenuating focus of Ն4 adjacent pixels in size (1.38 mm 2 under a field of view of 30 cm) with a computed tomography number Ͼ130 Hounsfield Units within 5 mm of the arterial midline. An experienced radiologist interpreted the findings of each tomogram. A score for each focus of CAC was determined as per the method of Agatston et al, 19 and the total calcium score was obtained by summing individual foci scores from each of the 4 epicardial arteries (left main, left anterior descending, circumflex, and right coronary arteries).
aPWV
Measurement of aPWV was performed a median of 8 months (range, 2 to 24 months) after EBCT for CAC. The measurement was performed after an overnight fast and 12 to 24 hours off of hypertension medications. Participants were asked to omit caffeinated beverages, smoking, and alcohol for Ն12 hours before the assessment. Carotid-femoral aPWV was determined using the Sphygmocor system (AtCor Medical) by sequentially recording ECG-gated carotid and femoral artery waveforms by applanation tonometry. 20 Distances from the carotid sampling site to the manubrium sternum and from the manubrium sternum to the femoral artery were measured as straight lines between the points on the body surface using a tape measure. The time (t) between the onset of carotid and femoral waveforms was determined as the mean of 10 consecutive cardiac cycles. aPWV was calculated from the distance between measurement points (D) and the measured time delay (t) as follows: aPWVϭD/t (m/s), where D is distance in meters and t is the time interval in seconds. In 10 volunteers, the within-subject SD of aPWV measured on successive days using this method was 0.66 m/s, which was 7% of the mean aPWV in the present study.
Statistical Methods
Descriptive statistics are given as mean and SD (as well as median and ranges) or number and percentage. Because the distribution of CAC scores was positively skewed, and not all of the participants had detectable CAC, the scores were log-transformed after adding 1. Correlations among age, BP indices, aPWV, and log(CAC ϩ1) were assessed by Spearman correlation coefficients. We compared aPWV in participants with detectable CAC to those without detectable CAC using a t test and used linear regression to assess the relationship of aPWV with log(CAC ϩ1).
Multivariable logistic and linear regression was used to assess whether aPWV was an independent predictor of the presence and quantity of CAC, respectively. Within each multivariable regression analysis, 4 models were constructed. In model 1, the variables included CHD risk factors (age, male sex, diabetes, total cholesterol, HDL cholesterol, history of smoking, SBP, and body mass index) and use of hypertension and statin medications. To assess whether PP was a significant predictor, we added DBP to the variables in model 1 rather than PP itself (model 2). Such an approach avoids the problem of potential collinearity between PP and SBP. In model 3, to assess whether aPWV was an independent predictor of CAC measures, we added it to the variables in model 1. Finally, in model 4, to assess whether PWV remained a significant predictor after adjustment for PP, we included it in a model with both SBP and DBP.
We also investigated interactions between aPWV and age, male sex, diabetes, smoking history, total cholesterol, and HDL cholesterol in the statistical models. Statistical significance was determined at PϽ0.05. Because of sibships in the sample, population-averaged generalized estimating equations 21 were used for regression analyses. Statistical analyses were performed with SAS v 8.2 (SAS Institute).
Results
The mean age of participants was Ϸ60 years, 53% were men, 30.7% were hypertensive, and 6.2% had diabetes (Table 1) . Approximately one fourth of participants reported statin use. The prevalence of detectable CAC was 64.3%. aPWV was Continuous variables are presented as meanϮSD and median (range), whereas categorical variables are presented as counts and percentages.
statistically significantly correlated with age, log(CAC ϩ1), and BP indices, including SBP, DBP, and PP (Table 2) .
MeanϮSD aPWV in participants with detectable CAC (10.1Ϯ2.8 m/s) was significantly higher than in participants without detectable CAC (8.5Ϯ1.7 m/s; PϭϽ0.0001; Figure  a) . aPWV was significantly related to log(CAC ϩ1) (rϭ0.41; PϭϽ0.0001; Figure b) .
In a multivariable logistic regression model, significant predictors of the presence of CAC were age, male sex, and statin use (model 1, Table 3 ). After the addition of DBP to the regression model, (higher) SBP and (lower) DBP both became significant predictors of CAC presence (Pϭ0.026 and Pϭ0.038, respectively; model 2, Table 3 ), suggesting that PP was related to the presence of CAC. aPWV was significantly associated with the presence of CAC (Pϭ0.011) after adjustment for CHD risk factors (including SBP), hypertension medication use, and statin use (model 3, Table 3 ). aPVW remained significantly associated with the presence of CAC after additional adjustment for DBP (Pϭ0.017; model 4, Table 3 ), suggesting that the association of aPWV with the presence of CAC was independent of PP. In this model, neither SBP nor DBP were significantly associated with CAC presence, indicating that aPWV was a better predictor than PP.
In a multivariable linear regression model, variables significantly associated with greater log (CAC ϩ1) included age, male sex, history of smoking, hypertension medication use, and statin use (model 1, Table 4 ). PP was associated with CAC quantity, because both SBP and DBP were statistically significant predictors of log(CAC ϩ1), SBP being positively associated and DBP being inversely associated (model 2, Table 4 ). aPWV was significantly associated with CAC quantity (PϭϽ0.0001) after adjustment for CHD risk factors (including SBP), hypertension medication use, and statin use (model 3, Table 4 ). aPVW remained significantly independently associated with CAC quantity after additional adjustment for DBP (Pϭ0.0001; model 4, Table 4 ). In this model, neither SBP nor DBP were significantly associated with CAC quantity, suggesting that aPWV was a better predictor of CAC quantity than PP.
A significant interaction was noted between aPWV and history of smoking in the prediction of presence and quantity of CAC. The regression model suggested that, in smokers, the probability of having detectable CAC increased at a higher rate as aPWV increased compared with nonsmokers. Similarly, the association between CAC quantity and aPWV was stronger in smokers than in nonsmokers (analyses not shown).
Discussion
We found aPWV to be significantly and positively associated with the presence and quantity of CAC in participants drawn from the community and without a previous history of myocardial infarction or stroke. Importantly, the results provide evidence that aPWV improves the ability to predict the presence and quantity of subclinical coronary atherosclerosis beyond what is possible with brachial measures of BP.
Several studies have previously investigated the relationship of arterial stiffness and atherosclerotic burden. Herrington et al 22 demonstrated that a measure of lower extremity arterial stiffness was associated with aortic atherosclerotic burden quantified by MRI. In a study of Ͼ3000 elderly subjects aged 60 to 101 years, aPWV was related to the extent of atherosclerotic plaque in the aorta and the carotid artery. 23 Two small studies that previously assessed the relationship of aPWV and CAC yielded conflicting results. Megnien et al 24 found that aPWV was not related to CAC quantity in 190 asymptomatic men with Ն1 CHD risk factor. However, Haydar et al 25 noted a significant association between aPWV and CAC quantity in 55 patients with chronic kidney disease. We have previously found PP to be related to the presence and quantity of CAC in individuals Ն50 years of age. 8 In the present study, however, we did not find a significant interaction between aPWV and age or sex in the prediction of CAC presence and quantity. aPWV was a predictor of the presence and quantity of CAC in both men and women (analyses not shown). We did note a significant interaction between aPWV and smoking history; the association between aPWV and the presence and quantity of CAC was stronger in smokers than in nonsmokers (analyses not shown).
aPWV remained significantly associated with the presence and quantity of CAC regardless of which BP indices were used in the regression models. The BP indices included PP, mean arterial pressure, DBP, PPϩmean arterial pressure, PPϩSBP, and PPϩDBP (analyses not shown). Miura et al 26 have pointed out the difficulty of interpreting results of models that include PP along with SBP or DBP and suggest that the appropriate regression model is one that includes both SBP and DBP rather than their difference. The correct approach in assessing PP is to first estimate an individual's risk based on the level of SBP and then to adjust the risk upwards if there is a discordantly low DBP. In our analyses, when aPWV was added to SBP and DBP in the multivariable regression models (model 4 in Tables 3 and 4) , it remained a significant predictor of the presence and quantity of CAC, whereas SBP and DBP were not significant or only marginally (PϽ0.10) significant predictors. These results suggest that aPWV is a better predictor of the presence and extent of subclinical coronary atherosclerosis than PP.
The present study was based on cross-sectional data, and, therefore, we can only speculate on the pathophysiological mechanisms that underlie the association between measures of arterial stiffness and CAC. One possibility is that atherosclerosis results in increased arterial stiffness. In cynomolgus monkeys, aPWV increases when the animals are fed an atherogenic diet and subsequently decreases when these animals are fed an atherosclerosis regression diet. 27 Another possibility is that increased arterial stiffness may be an early change in response to risk factors and may promote atherosclerotic changes. 28 A third, more likely possibility is that because they share risk factors, such as age and hypertension, the 2 processes may develop concomitantly, arterial stiffness resulting predominantly from changes in the media and the atherosclerosis resulting predominantly from changes in the intima. Mediators such as endothelial NO, angiotensin II, and inflammatory markers may play an important role in both atherosclerosis and arterial stiffening. 29 Longitudinal studies starting in childhood or adolescence may help in elucidating the temporal relationship among risk factors, arterial stiffness, and atherosclerotic plaque formation. Recently, Juonala et al 30 demonstrated that CHD risk factors identified in childhood and adolescence were predictive of carotid artery stiffness in adulthood.
We attempted to limit the influence of vasoactive medications by measuring aPWV when participants were off antihypertensive medications for 12 to 24 hours. To adjust for the possibility of non-BP related effects of these medications on aPWV, we incorporated a variable denoting hypertension medication use in the multiple regression models. We did not find any particular hypertension medication class to be independently related to aPWV (analyses not shown). In addition, we repeated our analyses in the subset of participants who were not on hypertension medications. aPWV was a significant and independent predictor of CAC presence and quantity in these normotensive participants (analyses not shown). Statin use was associated with the presence and quantity of CAC, likely because the use of these medications indexes the CHD risk factor burden of the participants. In our study, those taking statins were older, had a higher prevalence of hypertension and diabetes, and more often had a history of smoking compared with those not using statins. Indeed, in a retrospective study, statin use was associated with lesser progression in CAC quantity compared with placebo. 31 A strength of the present study is that it was conducted in a community-based group of non-Hispanic white research participants without history of myocardial infarction or stroke. A limitation is that the results of this study may not be applicable to other racial or ethnic subgroups. aPWV was measured a median of Ϸ8 months after EBCT and collection of risk factor data, and changes could have occurred in some of the CHD risk variables during this interval. We performed a separate set of multivariable regression analyses with aPWV as the dependent variable and CAC (presence versus absence) or log(CAC ϩ1) as one of the independent variables along with other CHD risk factors and the time interval between EBCT and aPWV measurement. In these analyses (data not shown), both the presence of CAC and the quantity of CAC were significantly related to aPWV; however, the time interval between EBCT and aPWV measurement was not significantly associated with aPWV.
Perspectives
There is a need for simple, noninvasive tests that allow more accurate estimates of CHD risk in individual patients. Measurement of aPWV is a relatively simple and noninvasive procedure that can be easily performed in an office setting. The device used is relatively small and portable; testing can be accomplished in minutes and is relatively inexpensive. Several studies have shown aPWV to be an independent predictor of cardiovascular events. [13] [14] [15] Increased central aortic stiffness may also have an important role in the pathogenesis of atrial fibrillation, left ventricular hypertrophy, diastolic dysfunction, and congestive heart failure. 32, 33 However, the incremental information about cardiovascular risk that is provided by measurement of aPWV needs to be quantified. In addition, age-and sex-based cutoffs for normality need to be established to facilitate interpretation of the results of testing.
In conclusion, aPWV is related to subclinical coronary atherosclerotic burden in asymptomatic adults. This finding suggests that the association between arterial stiffness and CHD events may be, in part, through an association between arterial stiffness and coronary atherosclerosis. Additional studies are needed to understand the mechanisms underlying this association and the implications for assessment and management of CHD risk. The potential role for aPWV in identifying individuals at risk of cardiovascular disease or individuals with early disease merits additional exploration.
